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We demonstrate the construction of corrugated waveguides using stacked rings to propagate terahertz frequencies. The waveguide allows propagation of the same fundamental mode as an optical-fiber, namely, the H E 11 mode. This simple concept opens the way for corrugated wave-guides up to several terahertz, maintaining beam characteristics as for terahertz applications. The terahertz frequency range of the electromagnetic spectrum is a frontier area for research in physics, 1 astrophysics, 2 plasma-physics, 3 chemistry, 4 material science, 5 biology, 6 and medicine. 7 While the "terahertz gap" is starting to be filled with sources, 8 and detectors 9 able to generate, and map these THz-fields, 10 wave-guiding still represents a major issue. 11 Even if new concepts have been recently proposed, 12 achieving an ideal transmission line over distances orders of magnitude bigger than the propagated wavelength with a good power coupling to the source, low loss, and low dispersion remains challenging.
Cylindrical corrugated waveguides are widely used to transmit frequencies of several tens of GHz. 3, 13 These waveguides propagate hybrid electric (HE) modes, for which the lowest order H E 11 mode, as in fiber optics, 14 has a power loss of the order of 1% per 100 m, a low dispersion over bandwidth that can reach more than one octave, intrinsic filtering of spurious modes, and an efficient coupling (≈98%) to the TEM 00 "gaussian mode," which is the lowest order mode for free space propagation. 3, 15 The corrugation geometry, Fig. 1(a) , depends on the propagated wavelength λ and has dimensions and periodicity smaller than λ/2. 3, 15, 16 Up to now, the corrugation is achieved by conventional machining inside hollow tubes and reaches the current technological limits at several hundreds of GHz, over lengths of few cm and inner radii on the order of 1 cm. Beyond this limit, the period of the corrugations can no longer be lowered without seriously deteriorating the transmission performances.
In this note we introduce the concept of stacked rings to manufacture H E 11 cylindrical corrugated waveguides with high mechanical accuracy that meet the geometrical requirements to propagate frequencies up to at least 7.5 THz over modules of tens of centimeters without mechanical limitations on the inner radii.
Corrugations are built by alternately stacking two sets of metallic rings having the same external shape but different inner diameters and thickness inside a guiding pipe, Fig. 1 . Rings are obtained from high precision laminated stainless steel sheets commonly available with thickness down to 10 ±1 μm, cut by electric discharge machining, guaranteeing a cut accuracy of ± 2 μm.
Based on the idea of stacked rings, two 40 cm long sections of H E 11 corrugated waveguides were assembled, Fig. 2(a) . By using 4000 rings with a thickness of 0.1 and 0.3 mm (d = 0.3 mm, D = 19.3 mm), a corrugation that fits the propagation of the H E 11 mode with a nominal frequency of 0.26 THz is achieved. This frequency corresponds to the electron resonance in state-of-the-art dynamic nuclear polarization enhanced nuclear magnetic resonance experiments 4 ongoing at the EPFL, which motivated this work.
The robustness of the method has been tested by the realization of a 10 cm long section designed for the propagation of the H E 11 mode at 1.5 THz (p = 0.1 mm, d = 0.05, w = 0.05, D = 19.3). The prototypes have been built with auto-aligning connection flanges allowing a modular design, a vacuum compatibility for possible high power applications, and by ensuring the continuity of the corrugation between two segments. Furthermore, the concept of stacked rings can eventually be used to manufacture complex corrugated antennas and horns.
Measurements of the waveguide transmission performances were achieved by using a 14 mW 0.25-0.27 THz tunable solid-state source producing a quasi-gaussian linearly polarized beam in conjunction with a Schottky detection diode mounted on a 3D translational stage to map the intensity of the oscillating terahertz field, Fig. 2(b) . A dielectric lens was used to reshape the beam produced by the source so as to optimize the coupling with the waveguide and excite a high purity H E 11 mode. This matching condition is reached when a gaussian beam is injected with plane phase front at the waveguide aperature with a beam spot size, w 0 , satisfying 2w 0 /D = 0.64. 16 The corrugated waveguide being an overmoded environment with respect to the injected wavelength, bad coupling conditions can excite higher order HE modes. Although these modes are damped significantly faster than the H E 11 mode, they can still be sustained over several meters. 17 Measured terahertz beam intensity profiles over several cross sections enable the use of phase reconstruction algorithms to determine the modal expansion of the beam. 18 The phase reconstruction algorithm is an iterative calculation that uses a free space propagator to retrieve the phase information from intensity measurements only. We used this technique to reconstruct the electric field amplitude and phase profile of the beam injected into the transmission line, Fig. 3 , after propagating through one 40 cm long module and after propagating through two connected waveguide modules with a total length of 80 cm, Fig. 4 .
When performing a modal expansion on the reconstructed information of the beam injected into the waveguide we identified a 94.9 ± 0.1 % gaussian content. In theory with the given waveguide features, the gaussian mode propagating in free space couples to the H E 11 mode, and vice versa, with an efficiency of about 98.1%, mostly due to the truncation introduced by the waveguide aperture. 19 In our case, the coupling from the source's beam to the waveguide was found to be 96.7 ± 0.1%.
The modal expansion performed on the beam radiated after 40 cm of propagation through the waveguide yielded a H E 11 content of 96.4 ± 0.1% on the output aperture. Finally after 80 cm of propagation through the waveguide the H E 11 content was of 98.1 ± 0.1%.
This analysis confirms that the waveguide acts as a modal filter where higher order modes are damped and the H E 11 mode experiences a low power loss theoretically predicted to be of the order of 1% per 100 m.
The comparison of the raw experimental beam profiles after a 40 cm section of waveguide and after two connected sections (80 cm) does not show any measurable power loss above the 2% precision of the measurements mostly due to thermal drifts of source's output power.
The experimental results have therefore demonstrated the robustness of the presented method to manufacture H E 11 corrugated waveguides extending their range of applicability from the field of microwaves to the domain of terahertz waves. A 96.7 ± 0.1% power coupling to the waveguide has been obtained as well as a low propagation loss owing to the high purity H E 11 mode (98.1± 0.1% after 80 cm), propagating inside the waveguide at 0.26 THz. The mechanical feasibility of the waveguide for frequencies up to 7.5 THz stems from 
